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RESEARCH MEMORANDUM

PHOTOGRAPHIC STUDY OF ROTARY SCREAMING AND OTHER OSCILLATIONS
IN A ROCKET ENGINE

By Theodore Male, William R. Kerslske, and Adelbert O. Tischler

SUMMARY

An investigation of combustion osclllations was conducted using
white fuming nitric acld and a bhydrocarbon fuel in a 1000-pound-thrust
rocket engine. Photographs were taken of the screeming combustion
through a transparent section of the chamber with a 40,000-frame-per-
second motion-picture cemera end a moving-film camera. Supporting infor-
nation was obtained by pressure measurements and ion gep measurements.

A rotary or tangential mode of oscillation in the fregquency range
of 4000 to 6000 cycles per second was revealed by the 40,000-frame-per-
second photographs. In addition to rotary oscillations, longitudinal
osclllations of approximastely 1000 cycles per second and another lateral
mode of gpproximately 10,000 cycles per second were revealed by the
stregak photogrephs from the moving-film camera.

Erosion of the plastic chamber walls indicated heat-transfer rates
during screaming operation several times as grest as during normal oper-
ation. TFurthermore, screaming in which the rotary mode was dominant
caused greater erosion per unit time than screaming in which the longi-
tudinel mode was dominant.

INTRODUCTIION

The occurrence of high-frequency combustion-driven oscillations in
rocket combustion chambers has become a major problem in the development
of large thrust units. These oscillatlions are commonly known as scream-
ing because they are usually asccompanied by a characterlistic intense
squeal or high-frequency sound which is audible sbove the engine exhaust
rosr. Screaming, when it occurs, generally increases specific lmpulse
and causes greatly increased rates of heat transfer to the walls of the
rocket combustion chamber which usually result in destruction of the
chamber.
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There is presently no positive cure for the screaming difficulty.
In part, this 1s due to the fact thet the combustlion mechanisms which
drive the high-frequency oscillations are not well defined. A number of
papers have recently been published (refs.“l, 2, and 3) which yield con-
sidereble information ebout the high-frequency combustion oseillation
phenomena. Ellis and others (ref. 1) showed simultaneous pressure meas-
urements at a series of points in s screaming rocket combustion chamber
which clearly indicete the sustalned propagation of a pressure wave
through the rocket cowmbustion chamber with reflections of the pressure
wave at the injector and nozzle ends of the chamber. Reference 2 gives
a corxrelation of longltudinel oscillatlon frequency with the length of
the combustlon chamber. The observatlon of the longitudinal mode in
these combustion chambers, however, does not preclude the existence of
the many other possible modes of oscillation.

Berman and Cheney (ref. 3) photographed oscillations in a rocket
engine through a guartz window in the chamber by means of the slit and
moving-£ilm technique. These records show that small pressure disturb-
ances in the chember can develop into pressure and flow oscillations of
congldersble amplitude. Their estimation of the pressure ratios based
on measurements of the propellant flow veloeity before and after the
passage of the wave (a shock) indicates that the pressure ratios across

the wave disturbance are of the order of 1%.

Combustion-driven oscillations haeve also become & problem in the
use of afterburners for turbojet engines (refs. 4 to 6). Reference 8
showed & correlation between the oscilillation fequencies observed in sev-
eral afterburner configurstions and the tangential acoustical modes of
oscllletion in a cylindrical chamber. In the afterburner configurstions
the oscillations were suppressed by use of a perforsted shell acoustical
baffle at the burner walls.

In order to gain further information on the combustion reactions in
8 rocket engine under screamlng conditlons, direct motion pictures of the
combustion in a 1000-pound-thrust acid-hydrocerbon rocket engine equipped
wlth a plastic chamber sectlon have been obteined with a 40,000-frame-
per-gecond cemera. In eddition, stresk photographs of the combustion
were made with & moving-film camera. This report presents these photo-
graphs along wilth an anslysis snd discussion of the results.

APPARATUS

Rocket Engine and Instrumentation
The rocket engine used for the experimentel lnvestigation of scream-

ing combustion was a 1000-pound-thrust uncooled rocket using white fuming
nitric acid and JP-3 fuel as propellants. Hypergolic ignition was

im“‘ . L
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accomplished by filling the fuel line ahead of the propellant control
valve with furfuryl alcohol on which combustion persisted for abaat 0.7
second before entrance of JP-3 fuel.

The rocket engine assembly wes held together by tle rods and flanges
ag shown in figure 1. Rubber gaskets were used to seal the transparent
plastic section to adjacent components of the combustlion chamber. The

5%-inch-long transparent section was made of polymethylmethacrylate, a
clear plastic. It was mounted flush to the injector face, except for
the few runs when it was mounted near the nozzle. The lens effect,
apparent in the photograph, was considered in the analysls of the
combustion photographs and was nullified by propéer selection of re-
ference positions.

The length of the combustion chamber from the inJector to the throat
of the nozzle was 23 inches, and the internal diameter was 4 inches. The
characteristic length L* of the chamber was 116 inches for a throat
diemeter of 1.76 inches.

The injector shown in figure 2 consisted of 24 sets of radial
triplet impinging Jjets. Each set had two oxident Jjets impinging on one
fuel jet, with 45° between each oxidant jet and the axially directed
fuel Jet. The propellants were pumped by high-pressure hellum gzs, and
the pressure differential gcross the injector orifices was spproximately
100 pounds per square inch for both oxidant and fuel.

Rocket engine thrust (accuracy of }2 percent) was measured by a
strain gage load cell. Propellant flows (accuracy, +5 percent) were
mesgsured with orifices equipped with strain gage differential pressure
transducers, and chamber statlc pressure was measured by a strain gage
transducer (accuracy, 5 percent).

Special Instrumentation

Most of the combustion oscillation date were obtained by photogrsphic
methods; additional informatlon was obtalned by pressure and ion gap
megsurements.

40,000-frame-per-second cemera. - The direct light from the combus-
tion was photogrephed through the transparent section of the chsmber by
the NACA high-speed motion-plcture camera (ref. 7) at 40,000 frames per
second. This camera was used to magnify the time scele of a selected
short sequence (about 1/100 sec) of the rocket combustion in order to
identify and analyze the high-frequency oscillations.

Two views of the chamber were recorded simultaneously in order to
accomplish a three-dimensional analysis of the combustion phenomena.
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Figure 3 illustrates how this was accomplished by viewing the chamber
from positions epproximately 90° apart and then merging the two optlcal
light paths by sultably placed mirrors to position the imeges side by
side on the film. Because of the geometry of this particular configu-
ration, the angle between the two views was actually sbout 84°.

The NACA high-speed camera is a rotating drum type of camera with
optical compensation and employs standerd 8-millimeter f£ilm. The optical
compensation, described in reference 7, utilizes a focal-plane shutter
that does not expose all parts of the photograph simultaneously. How-
ever, the motion of the focal-plane shutter was set up to be in the
direction of propellant flow; consequently, for each station along the
length of the transparent section, both top and side views were record

simulteneously. B

Moving-film streak photography. - Oscillation frequencies, shock
velocities, and propellant flow velocities were measured from strip film
records of the rocket combustion by moving a 16-millimeter f£ilm past the
image of & slit at speeds of 20 to 35 feet per second. The slit was a
1/4 inch wide window mounted axially full length along the center of the
transparent section of the chamber. As diagrammed in figure 4, such a
film provides a continuous time record of the luminosity behind the
slit. The motion of a luminous (or dark) pocket of gas from the injector
toward the nozzle, for exemple, is resolved into an inclined line. For a
given f£ilm velocity, the angle the streak mskes on the film is a measure
of the velocity of movement of the gas pocket.

Ion gaps. - Two ion geps were mounted 90° gpart &t an axial station
7 inches from the injector face. Each gap was a conventionsl 18-
millimeter single-gep spark plug. A 45-volt battery was placed in series
with the gap and a 0.1 megohm resistor, and the voltage across the re-
slstor was indicated on an oscillloscope. The plugs, which would with-
stand seversl seconds of normal operation, were severely eroded in a
much shorter time during screaming operation.

Chamber Pressure Measurements

Pressure meassurements of high-frequency transients were made with
a Li-Liu pickup flush-mounted in the chamber wall about 3 lnches from
the injector wall. This pickup had a nstural freguency of 28,000 cycles
per second and & linear response to 1000 pounds per square inch pressure.
The pickup was mounted in a steel chamber section whlch was substituted
for the plastic section of the chamber. '
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OPERATING FROCEDURE

Before the rocket engine was fired, the NACA high-speed camera was
brought to normsl operating speed. The rocket was then operated msnu-
ally by the followlng procedure: automatic recording instruments and
the moving-film cemera were turned on; the asclid control velve was opened;
when entrance of acid into the chamber was observed, the fuel control
valve wes opened. Ignition was spontaneous with the furfuryl alecohol
lead fuel. Flow regulation was obtalned by presetting the control
pressures to the pneumatically operated flow control valves.

At the onset of scresming combustion, which was audible and was
visually evident by en intense brightening of -the flaeme, the shutter of
the NACA camera was tripped. Followlng this, the englne was shut down.
Total running time ranged up to 8 seconds. The screaming combustion
portion ranged from 1 to 3 seconds.

PERFORMANCE

Because of the transient combustion effects encountered, perform-
ance was evaluated on the basis of thrust and flow values which exlsted
gpproximately 0.7 second after ignition. This time corresponded epprox-
imately to the end of the furfuryl alecohol-JP fuel transition period and
the beginning of the screaming combustion.

A plot of experlimental specific impulse against oxident-fuel weight
ratio is shown in figure 5. The oxidant-fuel ratios for the screaming
runs varied from 2.9 to 3.9. The two nonscreaming runs shown had oxidant-
fuel ratios of 4.4 and 4.7. Inspection after these latter two rums re-
vealed partial blocking of the Injector orifices. Whether the nonscream-
ing combustion resulted from poor impingement or from the oxidant-rich
mixture ratio is not known.

The maximum theoretical temperature of this propellant combination
at a chamber pressure of 300 pounds per square inch has been calculated
to be about 5275° R. In the oxidant-fuel ratio renge where screaming
occurred, the theoretical tempersture is estimated to be asbout 4500° R.
Therefore, the performence of 90 percent theoretlcal should result in an
approximate chamber temperature of 3650° R.

RESULTS AND ANALYSIS
The direct motion-picture photographs taken with the NACA 40,000-
frame-per~second camera showed evidence of the rotary nature and fre-

quency of the lateral oscillation. Streak-film records provided data
for analysis of oscillation frequency and direction of wave and

CONPIDENTIAL .,
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propellant motion. Ion gaps confirmed the rotary analysis of the high-
speed photographs, and pressure plckups provided measurement of the B
oscillation pressure strength. Erosion of the plastic chamber provided
& relative lindication of heat-transfer rates.

Qualitative impressions, such as the audible scream hesrd by the
operator, also contributed to the over-all analysis of the scresming
phenomena. For instance, the tone color of the scream varied from run
to run. Some runs, those in which rotary oscillations occurred, emitted
a clear intense note; screams in which rotary waves were not dominant
were, in comparison, vapld and unclear.

The recording of combustion waves by direct photography creates a
problem of interpretation. The luminosity of a wave in a combustible
atmosphere may result from the combustion reaction, from thermal excita-
tlon in the wave front due to adisbatlic compression, or from a combina-
tion of both. The light emission may or mey not occur &t the wave front;
in this discussion, any time and position intexrvals between the actual
pressure wave or wave front and the observed effects will be consldered
constant in order that the periods of oscillation and the estimated
velocities may be consldered unaffected.

Rotery Oscillation Shown by 40,000-Frame-Per-Second Photographs

The high-speed motion-picture photographs are illustrated in fig-
ure 6. Succesgive frames are printed 1n normal reading manner; the upper
image of each frame is the top view (A, B, etc.), and the lower image
is the side view (A, By, etc.). The injector is at the left of each

image, and propellant flow is from left to right; propellant flow, when
photographed at these rates, is too slow to be apparent in the frame-by-
frame sequence and can be observed only when the sequence is illustrated
as e motion picture. Likewise, the oscillations described in the next
paragraph can be observed best by motion-picture presentation.

The bright and dark parts of each lmege shift from frame to frame.
If the path of the bright zone is followed, frame by frame, for both the
top end side views, it will be spparent that the bright zone generally
moves from side to side in a cyeclic manner. The cyclic motion is illus-
trated as & line diagrsm in figure 7, which shows a short sequence of

figure 6.

It is immedistely spparent that the respective motions of the bright
zones are out of phase. Thirty-three cycles of figure 6 were analyzed
and the phase dlsplecements between the top and side views were found to
be consistently in ¢ne direction and to average about 85°. The effect of
imege distortion due to the lens effect of the thick chamber walls was
minimized by coneidering reference positions for the phase measurement

Sl
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at the sides of the cylinder. The sglight deviation from 90° Phasing is
probebly due to the spproximetely 6° angular displacement of the top
view mirror. The only probeble motion that satisfies the described
cyecling and phasing is rotary. No implication is intended that com-
bustion existed only in the bright areas; the preceding analysis depends
solely upon the existence of a combustion disturbance that showed cycling
and & phase difference in the two views.

A cyelic brightening is apparent in both views of the chamber.
Study of the brightest frames reveals that these occur when the luminous
zone 1s on the near side of the chamber. Attenuation of light in the
other frames is probably due to absorption by the chamber gases.

The aversge frequency of the rotary oscillation was measured 1in the
sequence of figure 6 as 5200 cycles per second. Thils frequency can be
compared with the acoustical frequencies for the transverse modes of a
cylindrical chamber which are given by the equation (ref. 8)

f = cg/2r

where ¢ is the acoustic velocity, r 1s the chamber radius, and B
has the following values for the first few transverse modes:

Tangential B Radial <]
order order
1 0.586 1 1.220
2 0.972 2 2.233
3 1.337

The rotery motion of the luminous zone in the rocket chamber corre-
sponds most closely to the rotating wave form of the first tangential
transverse mode. For this mode, § 1is 0.586 and 1s, of course, independ-
ent of whether the wave is a standing wave system (sloshing mode) or a
rotating wave as observed in the motion pictures. If an acoustical
velocity of 3675 feet per second 1s assumed, corresponding to the maxi-
mum theoretical flame temperature of 5275° R, the calculated maximum

frequency is 6460 cycles per second.

The lower observed frequency of 5200 cycles per second mey be ex-
plained in either of two ways: the observed frequency corresponds to &
chember temperature of only 3400° R and a velocity of 2960 feet per
second; alternatively, the observed frequency may correspond to a com-
binstion of leateral and longitudinael modes of oscillation.
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Osclllations Recorded by Streak Photography

The stresk photographs provided data for analyzing propellant flow
veloclties, pressure wave velocities, and oscillation frequencies. Fig-
ures 8, 9, and 1l are records of the luminosity behind the slit where
the transparent section was loceted adjacent to the injector. Figure 10
shows stresk photographs near the nozzle.

Smooth propellant flow is illustrated by figure 8(a) and occurred
during flow of the starting slug-of furfuryl alcohol. During smooth
flow, the first 2 inches of the cheamber remasined dark. The first lumi-
nous stresk indicates a gas velocity of about 80 feet per second, which
is spproximately the propellant Jet injection velocity. The apparent gas

velocity at station 5% is approximately 400 feet per second. The theo-

retical ges velocity in the chember based on meximm fleme temperature
at 20 percent meximum specific impulse would be 360 feet per second.

Figures 8(b) and 8(c) show periodic fluctuations of luminosity thet
increased in intensity to become well-defined longitudinal shocks in
figure 8(d) in about 0.02 second. The occurrence of this transition
from smooth burning to longitudinal shock occurred epproximately durling
the trensition from furfuryl alcohol to JP-3 fuel. The frequency of the
earlier fluctuations was ebout 900 cycles per second. The frequency
increased to approximetely 1000 cycles per séecdnd when the shocks
occurred, which are illustrated here in a sketch.

Station,

Propellant in, from
Plow injeotor

The slightly increased frequency during shock oscillation may be due to
increased wave strength, to lncreased aversge chamber temperature from
more efficlent combustion, or to both. i

The acoustical frequency of the longitudinel mode of oscilletion may
be calculated from the simplified equation

f = nc/21

For an acoustical veloclty c¢ of 3675 feet per second (based on maximum
temperature of 5275° R) and a length 1 of 20.5 inches (to the start of
the converging section), the acoustical frequency of the first'(harmonic
order, n = 1) longitudinal oscilletion should be 1075 cycles per second.
If the observed frequency of 1000 cycles per second were used as a basic

=¥
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parameter, the acoustical veloclity would be 3415 feet per second and the
average chamber temperature would be 45200 R.

Since the downstream shock moves with the gas flow and the upstream
shock moves against the gas flow, the apparent velocities relative to
the chamber wall are different (respectively, 3900 and 3150 ft/sec), as
evidenced by the different slopes of the shock lines. However, the
shock veloclties relative to the gas were nearly identical, and the
veloclity averaged 3500 feet per second.

During the interval of longitudinal shock generation, a lateral
oscillation (faint verticsl lines) with an apparently uniform frequency
of approximately 10,000 cycles per second also appeared, as shown in
figures 8(b) end 8(c). Because the faint lines are barely discernible
in the original photographs and therefore difficult to reproduce, the
osclllations are emphesized in the sketch.

00— ~ ~
~ \\ ~,
N ~
Statlon ~Flow
Propellant in. from NHEENE) irregularities
flow injector ANENSEARERS
| Lateral
sl N NERN b oscillation
2
pe—0.001 —=|
sec
—————
Time

Thig osclllation varled slightly in intensity and persisted for about
0.03 second. The fect that the traces are vertical mesns that the entire
window slit wes illuminated at one time, and therefore that the oscilla-
tion probably had no longitudinsl component.

If the acoustical velocity of 3415 feet per second (computed from
observed longltudinel oscillation frequency of 1000 cycles/sec) is
assumed, the lateral osclillation of 10,000 cycles per second reveals
thet B is 0.976. This agrees with the second tangential mode 1n
which B equals 0.872.

A more prominent sexries of verticsel lines indicated other lateral
oscillations, as shown by figures 8(e) end 8(f).

. c
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Propellant Btation, | I
flow in, from A
injeoctor N High-frequency
// \ /_ lateral oscil-
5% / AN lation
e— 0.001—
gec
Time

After several "false starts" as indicated by the short vertical lines,
the lateral oscillations showed an impressively increased brilliance
along the entire length of the window. The period of oscillation cor-
responded to a frequency of spproximately 6000 cycles per second. The
frequency ettained a meximum vealue within a few cycles and gradually
diminished during part of the run to an average value of gbout 5800
cycles per second. Once sftarted, the lines of the strong laterel. os-
cillation persisted throughout the remeinder of the run. The earlier
lateral oscillations of 10,000 cycles per second and the later latersl
oscillations of 8000 cycles per second were 80 distinctly different in
luminosity, as well as frequency, that different modes of oscillation
are probably signified.

In the streask photographs, the frequency and the appsrent lateral
nature of the oscillation correlate closely with the rotary oscillation
indicated by the 40,000-frame-per-second photographs; presumsbly the
lateral oscillations of 6000 cycles per second in the streak photographs
were also rotary. If this lateral oscillation of 6000 cycles per second
is assumed to have an acoustical velocity of 3415 feet per second corres-
ponding to the computed velocity from longitudinal frequencies, B has
a value of 0.586. This also agrees well with the first tangentlsl mode
in which B d1is theoretically 0.586. ' '

Figure 9 is similar to the sequence of figure 8 except that the
phenomens. occurred in & shorter time interval. Figure 9(a) is smooth
combustion. The cyclic fluctuations, illustrated in figure 9(b), in-
ereased to strong longitudinal shock waves in only 0.C08 second, as
seen in figure 9(c). The high-frequency latersl oscillations at 10,000
cycles per second, evident in another run in figures 8(b) and 8(c), are
apperently missing. The '"false starts" of the lower frequency lateral
oscillation are distinct in figure 9(c), and the onset of continuous
strong latersl oscillation evidently caused excegsive strain on the
chember. The cheamber cracked in less than 22 laberal cycles, as indi-
cated by the explosive whitening of the entire fllm.

3168
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The combustion and oscillation phenomena nesr the nozzle end of the
chember were similar to those near the injector. Figure 10(a) shows

smooth combustion with a gas flow velocity at station 16% of about 425

feet per second. The longitudinel oscillations at approximately 1000
cycles per second showed the usuel shock line discontinuities as illus-
trated in figure 10(b). An extrapolation of the upstream and downstream
shocks to intersect each other indicates an effective acoustical chamber
length of 21.5 inches, which corresponds spproximstely to the distance
to the midpoint of the convergent section of the nozzle. This measure-
ment and the previous value of measured shock wave velocities and longi-
tudinal oscillation frequency ere consistent and agree remarkably well
with the theoretical calculations.

The lateral oscillatlons were also evident near the nozzle, as shown
by figure 10(c). The leteral oscillations and the longitudinal oscilla-
tions usually existed simulteneously. In figures 8(e) and 8(f), the
longitudinal oscillations are indicated by the cyclic, bright disgonsl

' 0__‘

Station,
Propellant in, from
flow injector
S
l«o .001~|
sec
Time

zones of propellant flow. These dlagonals have a frequency of about
1000 cycles per second. In figures 10(c) and 10(d), the longitudinal
weves are indicated by derk zones, also at gbout 1000 cycles per second.
The shock lines of the longitudinal wave, missing in figure 10(c),
actually become discernible agein in figure 10(d) but are more cleariy
defined in figures 10(e) and 10(f). Sometimes the lateral oscillations
are dominant, and other times the longitudinel modes are dominant; no
strength interrelation seems spperent.

In genersl, the ratlioc of the frequencies of the lateral oscilla-~
tions to the longitudinel oscillations varied during the course of a run
from 4% to 6. Since no fixed ratio exists between the frequencies, the
oscillation modes appear to be acoustically independent of each other.
However, thls statement 1s not intended to imply that one mode of oscil-
lation 1s without effect on the other, and the possibility of some form
of interdependence of oscillations is shown in figures 8(d) and 9(c).

The reflection of the upstream longitudinal wave at the injector wall

."ﬁ-_—h—h_. it P



12 GNP NACA RM E54A29

00—
I l i l Lateral
! i
{ l ! /////’-oscillation
Station, /. Iy
Propellant in, from P \
flow injector \ “\*\\\\\\\_
\ \ Upstream longl-
1 { ) tudinal shock
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gpparently stimulates, triggers, or initiates the lateral osecillstion,
which at first vanishes in a few lateral cycles only to restart at the
next reflection of the longlitudinel wave. In future work, the relatlion
of this triggering action may be effectively studied by sultebly placed
baeffles or grids near the injector. In any case, the effect of grids or
other baffles on damping the reflectlions will help to establish the
character of the oscillations.

An interasction 1s also indicated in figure 10(d), where the latersl
oscillations appear to be influenced by the passage of the longltudinal
waves and the slopes of the lateral lines tend to parallel the longl-
tudinal shock lines.

Combined leteral and longltudinsl variations are illustrated Dby
several exsmples in figure 11. Each of the narrow lnverted vertical V's
eppears to comprise two waves Joined at the injector. The deviation of

Propellant flow line
0—>
Station,
Propellant in. from
flow injector
%} [
Propellant flow reversal
—_—
Time

the waves from the vertical indicates a longitudinal component in the
lateral wave. The average frequency of 4200 cycles per second is similar
to the frequency of the lateral oscillations previously discussed. The
absence of any periodic changes resembling the longlitudinal frequency of
1000 cycles per second indicates that the fundsmental longitudinal wave
is not present. However, the propellant flow lines show a discontinuity
in zig-zag fashion that resembles flow reverssl during the passage of

the lateral wave. The flow reversal would indicate that the lateral
wave had a longitudinal component. |

GRS,
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The frequency of these oscillations varied irregularly from 4000 to
5000 cycles per second and seemed greatest when the magnitude of the
longitudinal velocity component was grestest; that is, when the line of
the lateral wave was most nearly vertical. The apparent veloclties of
propagation in the longltudinal direction vary for the waves shown in
figure 11 from an estimate of 9000 feet per second to an infinite wveloc-
ity (vertical trace). This is contrary to the hypothesis that these
waves may be due to a combined latersl and longitudinal mode. The
acousticel frequency of such a combined mode is gliven by the equation

£ = /2 N(p/r)? + (o/1)2

The equation indicates that the osclllation frequency for a combined
mode is greater than the frequency for elther a pure transverse or lon-
gitudinel mode of corresponding order.

Lack of a fixed relation between the longitudinal veloclty component
of the weve and the frequency of the latersl component mekes any analysis
uncerteain.

Ion Gep Traces

The ion gap probes proved unable to wlthstand the extremely high
hest transfer under screaming combustion conditions. However, same indi-
caetion of a rotating pressure weve is shown in figure 12. The two upper
traces are calibration traces of a 5000-cycle-per-second osclllation
impressed simultaneously on each probe. The two lower traces are lon
gap voltage changes of run 2, with the two probes geometrically spaced
90° apart and each probe at en axial stetion 7 inches from the injector
face.

The analysis shows a cycling frequency of about 6300 cycles per
second, with an average anguler dlsplacement of about 105°. 'The high
frequency of 6300 correlates closely with the initisel fregquency of sbout
6000 cycles per second shown in figure 8(e).

Pressure Measurements

Reproductions of pressure records teken during & run in which
scresming occurred are shown in figure 13. The pressure detector was
mounted at a position corresponding to the center of the upstream
transparent section, except, of course, that the plastic was replaced by
a steel section tapped for the pickup. Although not made in the same
run the pressure records correlate with the streak-film records shown in
figures 8 and S.
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The bulld-up of the longitudinal oscilletions to shock-fronted _
waves is shown in figure 13(a). The shocks are clearly indicated at the
right of this strip. Two shocks per cycle are shown; the first was evi-
dently the upstream moving shock and the second was its reflection from
the injector face (compare with fig. 8(b)). The indicated pressure
across the first shock rose from 225 pounds per square inch to 450 pounds
per square inch, a pressure ratio of 2; across the second shock the pres-
sure rose from 350 pounds per square inch to 640 pounds per square inch,
a pressure ratio of sbout 1.8. The ratio between maximum and minimum
chamber pressure during e cycle was 2.8. )

3168

Pressure traces after the development of the 5000-cycle oscillation ) _
are shown in figure 13(b). The presence of the longitudinal mode oscil-
lation is evident in the periodic rise and fall of 100 pounds per squere
inch esmplitude in the crests of the pressure pesks. The natursl fre-
quency of the pickup (28,000 cps) confused the record somewhat and it is
difficult to ascertaln whether the lateral oscillations were shock- i
fronted. For en average cycle the indicated pressure verled from a min- -
imum of 210 pounds per. square inch to s maximum of 870 pounds per square
inch, & pressure rise ratio of about 4.2.

Plestic Chesmber Erosion

The plastic section of the combustion chamber eroded faster under Z
screaming combustion than under normsl smooth combustion. In addition,
the strong clear scream occurred with strong rotary oscillation and with
the highest erosion rates; the vapld screams asccompanied oscillations
which were predominantly longitudinel and which had lower eroslon rates.

Flgure 14 1is a plot of radiel erosion rates for seversl sxial sta-
tions of the plastic section. The erosion of the plastic during rotary
screaming combustion was quite uniform circumferentially, and the erosion
rate at each station was rather uniform with some tendency toward s )
slightly increased rate at stations progresslvely closer to the inJjector.
On the other hand, screaming combustion without rotary osclllatlion showed -
similar uniformly concentric erosion rates but with a decreased rate of
erosion toward the Injector. Smooth combustion showed definitely non-
uniform erosion rates concentrically and axlally.

All the erosion rates were computed as averages - total eroslon
divided by seconds of running time. The smooth portion of each screaming
run (time and extent of erosion) was subtracted from the total to obtain
a more reelistic average erosion rate. .=

The rotery mode of osclliation caused averasge erosion rates six

times that of smooth combustion, which is plotted as reference. Erosion N
during predominantly longltudinasl mode screeming was about three times -

e‘ m‘r . l‘*‘i‘.
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the smooth combustion erosion rates. Although the erosion rates of the
plastic chamber indiceted an apprecisble increase of heat transfer dur-
ing longitudinal screaming, the most severe transfer occurred during
rotary screaming.

The rotary disturbance wase probebly eccompanied by boundary layer
chenges at the cylinder well as a result of either a decrease in the
effective laminar boundary lsyer thickness or an increase in turbulence
or both. The reduction of boundary layer thickness would substantially
increase the temperature gradient; the turbulence would cause macroscopic
gas transfer to the wall. Either condition could contribute to high heat
transfer to the wall.

From these measured erosion rates it can be postulated that the
rotary mode of oscillation 1s more conducive to englne failure than the
longitudinal mode. During one of the intense screaming runs of about
3/4 second, the injector face was seriously eroded and the pattern of
eroslon indicated a tangentiasl outward swirl. A photograph of the eroded
injector is shown in figure 15.

DISCUSSION

The modes of oscillatlon observed in these experiments have been
previously studied by other investigstors. Smith and Sprenger (ref. 9)
conducted an extensive investigation of rotary transverse waves in solid
propellant rocket englines. There are numerous instances of dsmage to
injectors and scorch patterns in the chamber walls which have indicated
the existence of spinning oscillations in liquid-propellent rocket
engines (ref. 10).

The screaming frequencles recorded with this englne have been shown
to correlsate with simple acoustical modes of the chamber. The observed
frequencles were consistently somewhat lower than the frequencies cal-
culated from theoretical temperature for the corresponding acoustical
mode because the meen chember temperature is loglcally always less than
the theoretical flame tempersture for maximm specific impulse.

Becguse of the correlation of observed screaming frequencles and
acoustlcal modes of oscilletion, screaming has been considered to be an
acoustical oscillation driven by combustion that is accelerated during
the high pressure part of the cycle, in accordsnce with the Rayleigh
principle (ref. 11). A number of fundsmentel papers on studies of heat-
driven acoustical osclllations have been issued. Reference 5 discusses
the influence of propellant through-flow on the osclllations. References
12, 13, and 14 give results of osclllations of relatively low emplitude
studied in burner-tube experiments; this is in contrast with the severe
ogcillations observed in the rocket engines.

SO
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The streak photographs end the pressure measurements in this report
indicate that the pressure waves in a rocket engine during fully devel-
oped screaming are strong waves of pressure ratios 2 to 4 and that the
longitudinal waves, st least, have distinct shock fronts. In the case
of rotery or transverse waves there mey be considerable doubt that shock
fronts are developed; strong waves of large pressure ratios may exist in
such & two-dimensionsl field (the cross section of the chamber) without
developing dlstinct wave fronts. Nelther the stresk photographs nor the
pressure measurements are sufficiently clear to settle this question.

In seeking the combustion mechanism which susteins rocket screaming,
one must survey a number of observations. Evidently the pressure dis-
turbances accelerate the combustion reactions, and the combustion resc-
tions, in turn, sustain the pressure waves. Not all the unburned pro-
pellant is necessarily consumed behind each pressure wave; it is more
likely that, in & rocket chamber where the combustion environment 1s
heterogeneous end the propellants are incompletely mixed, the reaction
set off by the passage of a pressure wave consumes only that part of the
propellant mixture vaporized and within a combustible range. The tur-
bulence and heat caused by the passage of the shock front and by the
combustion wave immediately after the front induce increased veporization
end mixing in the unreacted portion of the charge, which then is sus-
ceptible to "triggering"” by a succeeding pressure wave. Thus a partic-
ular pocket of propellant mixture may sugment or drive each of several
waves. It 1s spparent that asugmentation of pressure waves does not )
demand ignition of unburned cherge but merely acceleration of the burning
rate. -

It has been suggested (refs. 9, 10, and p. 30 of 15) that the com~-
bustion mechanism may be related to detonstion, that is, a shock-fronted
pressure disturbance thet ignltes unburned propellant and derives its
energy from the trailing conflagration. The qualitative agreement of
the detonation definition with the observations of screaming combustion
and the observed destructiveness of screaming mske a detonation-like
mechanism reasonable. However, the pressure ratlos and wave propagation
veloclties cobserved in rocket engines are much less then those for deto-
nation of premixed charges in confining tubes; this may be due to partisel
reaction as previously discussed. Two other factors stand out: (1) The
transverse oscillations may not be shock-fronted, and (2) the pressure
wave nmey merely accelerate rather than initiate combustion. For these
reasons the term detonation may not be an sccurate description of the
reaction mechenism of screaming.

Before fully developed screaming occurs, both the streak photographs
and the pressure records indicate that the longitudinal oscillations are
genereted from initielly wesk (acoustical) oscillations. In contrast,
the lateral oscillations appear in these records to be initiated by
previous strong longitudinal oscillations. Wesk oscillations are pre-
sumably present 1n the chamber even during normal combustion, possibly ~

L

Bt
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as decaylng reverberations of random combustion pulses. The combustion
reactlion mechanism i1s epparently sensitive to even these reletively wesk
pressure waves and is sufficlently repid to reinforce them. To accord
with the Rayleigh principle, the combustion "time delsy" must be less
than 0.00005 second (1/4 cycle) to reinforce a 5000-cycle-per-second
oscillation. For these weak waves the term detonation seems
inappropriate.

Although the deta presented in this report do not establish the
mechanism supporting the screaming oscillations, it appears that a
coupling of strong wave reflection phenomens in the chamber with a
pressure-sensitive heat release mechanism 1s necessary to explain the
observed effects. Further fundamental combustlon studies under the high
pressure conditlons of rocket combustion end studies of techniques for
attenuating strong pressure reflections within the chamber are needed
to predict and control screaming in rocket engines.

SUMMARY OF RESULTS

A photographic investigation of combustion-driven osclillations in
a 1000-pound-thrust acid-jet fuel rocket engine equipped with a trans-
paerent section and operating at 300 pounds per sduare inch chamber pres-
sure hes revealed the followling informstion:

1. Osciliaetions with frequencies of roughly 1000 and 4000 to 6000
cycles per second were observed. The frequency of the 1000-cycle-per-
second osclllation cen be correlated with the longlitudinal acoustical
mode; the 6000-cycle-~per-second frequency can be correlated with the
first transverse tangentlal mode. The 40,000-frame~per-second pictures
taken with two views show that the 6000-cycle-per-second oscillstion is
the rotating wave form of the transverse tangential wave; that 1s, the
wave front rotates around the periphery of the chamber.

2. Pressure nmeasurements aslong the well of the chamber indicsated
that the longltudinal weves formed shock fronts with pressure ratlos
before and after the shock of roughly 2, and & ratio of nearly 4 between
meximum and minimum chember pressure at different times in a cyecle. For
the rotary waves, pressure ratios of roughly 4 between meximm and min-
imum chamber pressure were observed with instantaneous maximm chember
pressures near 900 pounds per square inch.

3. Based on the erosion of the plastic section of the chamber, the
heat-transfer rate when longitudinal oscillations were present was gbout
twice that for normel combustion and sbout six times normel when both
rotary and longitudinal oscillations were present.

Iewis Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, February 2, 1954
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Figure l. - Rocket engine with transparent chawber section.
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Section A-A
Cross section of one set of propellant orifices. InJjector ring
contains 24 sets of orifices.
T Figure 2. - Annuler triplet-impingement injector for 1000-pound acid-hydrocarbon

rocket engins.
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Figure 4, ~ Bchematic 1llustretion of optics of moving-film streak photography. If, during
movement of contimuous film bright 1ight moves in rocket epgine from X to Y, a dlagonal
line X'Y (resultant of combined £1lm and bright light motions) will be traced on film.
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- Rotary combustion oscillation in 1000-pound-thrust rocket engine with WFNA and

JP-3 teken at 42,000 frames per second for mum 1.

Figure 8.
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Rotary combustion oscillation in 1000-pound-thrusi rocket engine

with WFNA and JP-3 taken at 42,000 fremes per secord for run 1.

- Concluded.

Figure 8.
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Figure 7. - Tracing of motions of lumincus zonme for determining frequency and
phase relations of rotary oscillation of 42,000-frame-per-second sequence.
Run 1; lines C, D, E of figure 6.
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Figure A. - Stresk photographs showing oscillations between stations O end 5— of scresming

JAgure SLITRS OOLUSL

onbustlon in & lmo—poamd—tlmust rocket englns with WWNA and JP-3 for rmn 2.

82

GE2VICH WE VOVH



' ‘ 3168

g8tation, in. from injector
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{8} Tnorsses of lopgitndined oselllation to strong longitulinsl shock. Latersl osclllation
(M, 5000 cpa) in early stages degenarmtes to start of strong lateral oscillation (N,
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(£) Dlegenal bright zones indicate longitudinal oscillation (1000 cps) superimpossd
on lateral oscillatlon {5BOO ops) .

Tigure B. - Concluded. Bireak photographs showing oscillations between stations O and EE:!'
of scresming cobustion in a 1000-powmd-thrust rocket englins with WFNA and JP-3 for rud 2.
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Station, in. from Injector

Propellant flow

l-'——+—0.001

(b) Longitudinal osoiliation inoreases in Intensity to become strong shock.

\

ey

Time

(c) Longitudinal shocks (widely spaced inverted V's at 1000 cps) and
lateral oscillation (closely spaced veérticsl lines at 6000 cps).

Figure 9. - Stresk photographs showing oscillations between stations O and 5l of scream-
ing cowbustion in a 1000-pound-thrust rocket engine with WFNA and JP-3 for run 3.
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Btation, in. from injector

() Smooth combustion prior to screem. Flow, 425 feet per second.
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(b) Iongltudinal oscillation (940 cps) without lateral oscillation.
11—
1651—

.001 se - c-ﬁesé

——————
(c) Strong lateral oscillation (6000 cps) with faint longitudinel oscillation (980 cps).

Figure 10. - Streak photographs showing oscillations between statlons 11 and 16L of scream-
ing combustion in & 1000-pound-thrust rocket engine with WFNA and JP-3 for ru:& &.
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Stetion, in. from injector
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shows flow reversal.
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() Bhook waves appear to influence intensity of combustion if Iuminosity is
criterion of combustion intensity. :

Fisu{e 10. - Conoluded. Streek photographs showing osclllations between stations 11 and
16§ of screaming combuetion in & 1000-pound-thrist rocket engine with WFNA and JP-3 for
™un 4.
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o Oscilloscope calibration signal, approximately
4903 cps. .

0.000038 sec C-34864

Time

A and B placed 90° epart for run 2.
Frequency of cycling, 6300 cps; average

disglacement phasing between A end B,
105%.

Figure 12. - Photographs showling lon-gap voltage changes during screaming combustion of
1000-pound~thrust rocket englne with WFNA and JP-3.
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Flgure 13. - Pressure traces with flush-mounted pickup. Superimposed osclllograph traces reproduced separately for
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(b} After rumming.

erosion resulting from screaming due te retary oscillation.

(a) Before running.

Flgure 15. ~ Injector of run 394 showing surface
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